Abstract-The transmission of high resolution raster images over low-bandwidth communication lines requires a great amount oftime. User interaction in such a transmission environment can be frustrating. The problem can be eased somewhat by transmitting a series of low resolution approximations which converge to the final image. Several methods of computing such a series of images are presented. Each is related to a particular type of pyramid data structure. They rely on the ability of the local display device to overpaint an existing image, and generally require some transmission and computation overhead. However, one of the methods requires no transmission overhead and only a small amount oflocal computation. A notation is introduced that permits concise descriptions of the image refinement processes.
INTRODUCTION
Raster graphics display devices are capable of reproducing very complex images. Unfortunately, they are often connected to the source of those images, a large mainframe computer, by lowbandwidth data links. This makes it difficult to interact effectively with the display when it is being used to display the images for which it was made [often full-color, typically 512 * 512 picture elements (pixels)]. Transmitting such an image over a 1200 baud line can take half an hour or longer. If it is being displayed on a line-by-line basis, then it may be 15 or 20 min before the user has any notion of what the final picture will be like.
This problem can be alleviated somewhat by sending, and displaying, a series of images which converge to the final, full resolution picture. Successive images are refinements of earlier images and approximations to the original image. The primary advantage of such a scheme is that global structure in the image becomes apparent very early in the display process, allowing the user to begin to examine the picture, and even interrupt the display when satisfied with the approximation. The disadvantages lie in (possibly) increased storage or computation costs.
In this paper, we present several methods of computing such a series of converging images. All of these methods are based upon pyramid data structures ([6]-Tanimoto and Pavlidis, 1975 from it, and are approximations to it (Fig. 1) . The value of a pixel in level k is a function of the values of the pixels in an M x N window in level k + 1. Thus, the relevant parameters of a pyramid data structure are 1) X, Y: the dimensions of Level L, 2) M, N: the dimensions of the reduction window, 3) R: the reduction rule. Usually, the reduction window and the original image are square (M = N, X = Y = (M ** L)), but these conventions can be relaxed at some cost in computational complexity. The reduction rule can be any reasonable function of the pixels in the window (e.g., Min, Max, Mean, Median, Mode, Sum, Selection, or their extensions for handling colored pixels).
Note that the added computational effort and storage to derive and keep a pyramid are very little. In the case of 2 x 2 reduction windows, the pyramid requires only 33 percent more storage than the original picture, and it can be built in roughly the time it takes to scan through the picture.
In subsequent sections we shall introduce formulas which refer to pixels in pyramids, and in order to simplify these references, we denote by (k, i,j) the pixel in level k at the ith row, jth column. The set of all pyramid pixels is P = {(k, i, j)10 < k < L, 0 < i < M-** k, 0 <j < N ** k}.
NOTATION FOR RASTER OPERATIONS
We now present notation that can conveniently be used to represent many of the processes discussed in this paper. In particular, the notation will permit us to concisely describe the progressive sequences of images that our methods produce. We begin by introducing several "iconic operators." These manipulate image data by acting on grey-valued (or colored), arbitrarily shaped regions of the picture. More precisely, each iconic operator is either a binary operator (taking two operands) or a unary operator (taking one operand), and takes operands which are "colored subsets of RR." RR (the "raster region") is an X by Y array. Let C ={Co, C1,O C * Cnc-1} be a set of colors (e.g., combinations of red, green, and blue, realizable on a particular raster display device). We assume that two special colors, black and white, are in C. Then if S c RR and f: S -* C, we say (S, f) is a colored subset of RR.
For completeness of our basic terminology, we let F be the set of all coloring functions f and let F. be the restriction of F to {S}.
Thus, the colored subsets of RR are the elements (S,f) of 2RR x F such that dom (f) = S.
The repainting operator % is a binary iconic operator whose action is described as follows:
(S1, fl) % (S2, f2) = (S3, f3)
where
if (x, y) 0 S2
but (x, y) E S1 (undefined otherwise). To "repaint" using two colored subsets of RR, we make the resulting subset be the union of the two given, and define a coloring function for it as follows: the pixels common to the two original subsets get the color from the second subset. All other pixels of the new subset get the color originally assigned to them. It is easy to see that % is associative but not commutative. Thus, we write n % (Si,fi) = (SI,fl) % (S2,f2) % 0% (Sn5fn) i=- with the understanding that the order of the terms is fixed. We will use another operator, the "blowup" operator, as an interface between pyramid and raster representations. This operator is not strictly iconic since only its result (rather than both its operand and result) is a colored subset of RR. The blowup operator is defined as follows: B: PXC -+ 2RRXF B((k, i, j), c) = (S,f) where s ={(x, y) i*M **k < x < (i + 1)* M ** k, and j * N ** k < y < (j + 1) * N ** k} and f(x, y) = c (uniformly).
The blowup operator translates a pyramid pixel and its color into, a corresponding region in the detailed raster region, colored with the same color.
NAIVE METHOD Assuming that a pyramid data structure has been built, there is a straightforward display technique which depends only on the ability of the local processor to paint rectangular regions on the screen (or in a frame buffer). The pyramid is simply transmitted "top down." Each level is sent in the usual raster scan order, and is used to overpaint the existing image. First, level 0 (1 x 1) is painted as a single block, covering the entire screen. Then level 1 (M x N) is sent and displayed, again filling the entire screen. Successive levels, requiring ever increasing amounts of time to transmit and display, serve to continually refine the details of the image on the screen (see Fig. 2 ).
This method can be used to display any pyramid data structure, regardless of the choice of reduction window size and reduction rule. However, since each level is sent in its entirety, all of the effort devoted to sending levels 0-(L -1) is "wasted" when level L completely overwrites it. When the reduction window is 2 x 2, this means a 33. 3 [1, 0] ). Now, if the values of previously sent pixels are readily available to the Receiver (i.e., the current image is stored in local memory which can be read by the Receiving process), then we can transmit the image as in the Naive method, except that we omit the last pixel in each reduction window. The Receiving process must appropriately scale all values for display purposes and compute the values of the "missing" pixels.
Note that the Receiver may take advantage of the increased
grey-scale resolution in the lower spatial resolution levels, enhancing early approximations in the progression. Since we omit one pixel in each reduction window, the total number of pixels transmitted is X * Y, the number of pixels in level L. However, since pixels at different levels require more bits to specify, there is some transmission overhead involved. The absolute overhead is independent of the number of bits per pixel in level L. For a 2 x 2 reduction window and 12 bits of information for each (level L) pixel, the transmission overhead is 8. to Son[x', y'] was painted when the Father was painted, and does not need to be repainted. The point is that both the Sender and the Receiver can know this. As above, we must transmit X * Y pixels. However, due to our choice of reduction rule, all pixels require the same number of bits. As a result, there is no transmission overhead, compared with a row-by-row painting of level L. Here it is not necessary to store the image in fast memory accessible to the Receiver, since no operations other than display are required.
This method is the best of those presented here when pictures do not contain periodic high-frequency variations (regular textures). The previous method is less subject to moire effects (aliasing) in such cases.
The values transmitted here correspond exactly to the values of the pixels at level L. The order in which they are sent is the only difference between this method and the traditional row-by-row raster scan. Just as the Receiver must understand the ordering of the usual raster scan, the Receiver for this method must understand, and properly interpret, this ordering. If the time to write a large rectangular area on the screen (or in a frame buffer) is "free" compared with the transmission time, then this method is "free."
INTERACTIVE DETAILING All of the above methods can be modified to allow the observer to direct the successive refinement process. Once the entire image has been painted to some minimum resolution, the user may interrupt the transmission of the image and indicate an area to be refined further. The refinement process is then limited to that area of the image. This will prevent the transmission of information about areas of the image which are uninteresting to the user, and will allow much faster refinement of the important details.
The Explicit Repainting scheme is the easiest one to modify, since the position and extent of each rectangular block is completely specified. The other methods rely upon a fixed, known order of pixel values, and must be extended to deal with interruptions. After each user-specified windowing operation, a small amount of bookkeeping information must be transmitted to reinitialize the Receiver.
TRANSFORM METHODS
All of the methods discussed above yield a "series" representation of the image and have the "prefix property." That is, truncating the series at any point gives an approximation to the original image. There are, of course, other representations with this property. Two which have been used extensively in image processing are the Fourier and Hadamard transforms ([1]- Andrews, 1970) . The primary difficulty with such methods is the amount of computation required to turn the representation into a visible image. If this is to be done only once, after complete transmission of the (truncated) transform, then this might not be a serious objection. However, it is not immediately clear how to extend these methods to interactive detailing in the spatial domain. The methods we have described have the additional property that they are well matched to the display capabilities of available raster graphics equipment. For example, painting a rectangular block is essentially free on many display devices. Since the display equipment provides the transform inversion, this means that rapid, repeated, incremental conversion of the series representation into a viewable image is feasible.
CONCLUSION
The widespread use of high resolution raster graphics displays will require effective use of low bandwidth communication lines. We have presented several methods of transmitting raster images which provide early recognition of gross features and which are well matched to available display devices. The use of these methods is by no means restricted to display applications. They are suitable for any situation in which the Receiver can make use of a low resolution image, especially when the required resolution is not known a priori.
